Moving the polarization of the incident wave along a meridian of the Poincaré sphere, experimentally we show that the coupling with the fundamental Bloch's surface waves of the mode, provide a spatially coherent, macroscopic spinmomentum locked propagation along the symmetry axes of the PhCM. This novel mechanism of light-spin manipulation enables a versatile implementation of spin-optical structures that may pave the way to novel strategies for light spin technology and photonic multiplatform implementations
INTRODUCTION
The Quantum Hall Effect (QHE) is one of the most relevant effect in physics in last decades 1 . The QHE is obtained with a uniform magnetic flux density and is related to the Landau-level quantization 2 . Then the effect appear strictly related to the incompressibility of the electron fluid, where fermions statistics is necessary to apply the Pauli principle, whereas charged particle are associated to the cyclotron frequency that determine the spectral gap between empty level. For this reason the effect seems as far from the field of optics where particles like neutral like photons, characterized by a bosonic statistic, have no chance to exhibit an effect similar to QHE. However the origin of the extraordinary precision of Hall quantization, despite the different experimental materials (impurities, electron concentration,..) has been quickly recognized as a topological effect 3 . In add, has been shown that in principle QHE can happen broking the timereversal symmetry, without any uniform magnetic flux density and that Landau-level quantization is not an essential requirement for the QHE 4 .
Then, topologic interpretation of QHE suggest that it can be derived from the interplay of a periodic bandstructure with broken time-reversal symmetry, instead of a magnetic flux density that can be applied in the photonic context. Raghu and Haldane 5 propose to use ferromagnetic material on photonic crystal in order to break time-reversal symmetry in photonic system described by Bloch waves.
Electromagnetic surface modes exhibit unidirectional spin transport the: Quantum Spin Hall Effect (QSHE) of light 6 , intrinsically deriving from the inhomogeneities of the evanescent waves. More efficiently than surface plasmon at a metal-vacuum interface, photonic crystal based metasurfaces (PhCM) can hugely localize the optical field, which is highly inhomogeneous at the nanoscale and are ideal for prove such a manifestation of strong spin-orbit interaction. In perfectly symmetric conditions, coupling light in a dielectric photonic crystal metasurface (PhCM) 7 8 , we experimentally observe chirality in the Bloch modes coupled that exhibit a spinmomentum locking once associated to an optical bound state in the continuum (BIC). In particular, we study BIC-modes in G-point where the bound states are related to a field symmetry mismatch with respect to out-of-plane propagating waves in free-space.
RESULTS AND DISCUSSION
In QHE Hall conductance is expressed in terms of the sum of all Chern invariants of bands below the Fermi level 3 .
This is strictly related to the flux of the Berry connection that can be defined also in photonic crystal case 9 .
If the crystal has time-reversal (TR) symmetry, the flux of the Berry connection is an odd function and any quantity involving an integral of the connection, such as the flux, over the BZ will vanish.
Surface Maxwell waves are also essentially non-Hermitian modes and can have either real or imaginary frequencies and/or wave numbers and evanescent surface modes with imaginary parameters break the time-reversal symmetry and are described by topological helicity winding number 10 .
However also BIC [11] [12] [13] are characterized by their topological properties and precisely the robustness of BICs is due to the existence of conserved and quantized topological charges, defined by the number of times the polarization vectors wind around the vortex centers 14 . For such a reason PhC supporting BIC modes are ideal candidate for a topological demonstration of the chiral propagation of edge modes.
Figure 1 The nanofabricated sample
The photonic crystal (PhC) structure consists of cylindrical air holes arranged in a square lattice and modeled in the silicon nitride film by electron beam lithography, transferred by coupled plasma etching process using CHF3 and O2 (Figure 1) . The samples are made of silicon nitride (Si3N4) deposited by plasma-enhanced chemical vapor deposition on a quartz substrate (SiO2) 15 . The lattice parameters (hole radius and lattice depth and constant) are optimized to excite the BIC resonance in the visible range around 542 nm As a preliminary step, the PhC are optically characterized by a dedicated set-up. The transmission spectra were acquired from the sample illuminated by a light of the normal incident super-continuous (NKT Photonics) using an Ocean Optics USB4000 spectrometer (Ocean Optics, Delray Beach, FL, USA) with a resolution of 0.25 nm [16] [17] [18] . A computer-controlled rotational stage made it possible to perform a corner-resolved measurement with a resolution of 0.01 °1 9, 20 . The BIC resonance is determined in correspondence of a dip in the transmission spectrum and the resonance wavelength monitoring allows the reconstruction of the band diagram ( Figure. 2 ).
As underlined in our theoretical analysis 21 and in 14 }, the topological nature of BICs can be tuned to the variation of a control parameter such as the thickness that does not change the resonance, determined by the lattice constant and the radius of the holes, but modifies the nature of the wave interference at the top and below the PhC layer. In particular, due to accidental degeneration in G, a Dirac cone can be produced, characterized by a linear dispersion around G. With a proper tuning of the thickness, the Dirac cone can open giving rise to a gap within that area of the surface states depending on the helicity on the incident radiation 22 . These surface states are related to the different Chern number associated to the band below and to the one above the gap, which have typically been the opposite sign. For this reason, one mates with the incident radiation with positive helicity and the other with that with negative helicity. Figure 2 illustrates the formation of the Dirac cone (from a to b) and the gap opening, as the thickness increases. We have worked within the gap of the samples in figure 2c , with a thickness of 120 nm, so much smaller than the wavelength considered. The state of polarization of the incident radiation (Figure 3a) is controlled by a sequence of a halfwave plate, which determines the linear polarization, followed is equal to a quarter-wave plate (Figure 3b ) which, by delaying the vertical polarization from the horizontal one, travels the polarization state along a meridian of the sphere of Poincaré passing from a linear polarization to the right circular one (R in the figure) again linear left polarization (L in figure) etc. It clearly appears (Figure 3 c) that when the radiation is circularly right polarized, the radiation collected outside the crystal has a maximum in the top direction a minimum in the bottom direction and similarly a maximum in the left and a minimum in the right. In correspondence of left-circular polarization the directions of the maxima and minima are opposite. This shows unequivocally the chiral trend of states present within the gap, linked to the presence of non-trivial topological states, characterized by a Chern number of opposite sign.
In correspondence of an incident beam in G-point, the numerical simulation show that Poynting vector in the PhCM exhibits vortices that have a discrete topological charge, with a sign related to the helicity of the incident beam 23 . The phase of Bloch waves in the PhC is quantized and, in Gpoint is an integer number of 2π for each elementary cell. The signature of the QSHE is the transverse spin angular momentum (SAM) density arising in inhomogeneous optical fields. The numerical simulation confirms that optical field at the BIC condition is characterized by strong transverse SAM components, induced by the tight confinement of the electromagnetic field that can be used to devise macroscopic spin-orbit interactions.
CONCLUSION
We have demonstrated the existence of chiral states in a photonic system on a macroscopic scale. Unlike previous studies, these states are linked only to the structure of the photonic crystal thanks to an accurate design in which the ideal parameters were determined and in particular the thickness that determines the accidental degeneration and the presence of chiral states. In our case we do not break the symmetry, we don't work on special properties of the materials, we don't use a magnetic in materials: the asymmetric chiral response is associated to the interaction between quantized geometric phase and quantized dynamic phase of Bloch modes. Depending on the sign of the topological charge, the geometric phase is added or subtracted to the dynamic Bloch phase and can perfectly compensate each other.
